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ABSTRACT. Atmospheric intensity scintillation of stars on milli- and microsecond time scales was
extensively measured at the astronomical observatory on La Palma (Canary Islands). Scintillation statistics
and temporal changes were discussed in Paper I, while this paper shows how scintillation depends on optical
wavelength. Such effects originate from the changing refractive index of air, and from
wavelength-dependent diffraction in atmospheric inhomogeneities. The intensity variance 0’% increases for
shorter wavelengths, at small zenith distances approximately consistent with a theoretical X 7’6 slope, but
with a tendency for a somewhat weaker dependence. Scintillation in the blue is more rapid than in the red.
The increase with wavelength of autocorrelation time scales (roughly proportional to YA) is most
pronounced in very small apertures, but was measured up to &J 20 cm. Scintillation at different wavelengths
is not simultaneous: atmospheric chromatic dispersion stretches the atmospherically induced “flying
shadows” into “flying spectra” on the ground. As the “shadows” fly past the telescope aperture, a time
delay appears between fluctuations at different wavelengths whenever the turbulence-carrying winds have
components parallel to the direction of dispersion. These effects increase with zenith distance (reaching
= 100 ms cross-correlation delay between blue andredat Z = 60°), and also with increased wavelength
difference. This time delay between scintillation in different colors is a property of the atmospheric flying
shadows, and thus a property that remains unchanged even in very large telescopes. However, the
wavelength dependence of scintillation amplitude and time scale is “fully” developed only in small
telescope apertures ( < 5 cm), the scales where the “flying shadows” on the Earth’s surface become
resolved. Although these dependences rapidly vanish after averaging in larger apertures, an understanding
of chromatic effects may still be needed for the most accurate photometric measurements. These will
probably require a sampling of the (stellar) signal with full spatial, temporal, and chromatic resolution to
segregate the scintillation signatures from those of astrophysical variability.

1. INTRODUCTION

Extensive and systematic observations of stellar intensity
scintillation on short and very short time scales
(= 100 ms—100 ns) arising in the terrestrial atmosphere
have been made at the observatory on La Palma (Canary
Islands). The results make up a series of three papers. Paper
I, Statistical Distributions and Temporal Properties
(Dravins et al., 1997a), analyzed the temporal statistics of
scintillation, and its behavior on time scales from microsec-
onds to seasons of the year. The corresponding probability
distributions, autocorrelation times, or gradual changes dur-
ing a night are determined by evolving atmospheric pat-

terns, and are analogous for scintillation at different wave-
lengths. The present Paper Il deals with the more subtle
differences that exist, at any time, between scintillation in
different optical colors. Paper 111, Effects for Different Tele-
scope Apertures (Dravins et al. 1997b), will finally evaluate
how scintillation manifests itself in telescopes with varying
diameter and central obscuration.

That atmospheric fluctuations are not synchronous at all
wavelengths can already be seen with the naked eye, by
observing twinkling stars low in the sky. Indeed, such ob-
servations have inspired expressions such as “like a dia-
mond in the sky,” associating with a jewel’s flashes of
sparkling color. However, the visual perception of chro-
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matic scintillation is feasible only at large zenith distances,
and applies to the eye’s very small aperture ( = 5 mm),
and limited frequency response ( < 15 Hz).

Closer to the zenith, and for larger telescope apertures,
wavelength effects are not striking, and may require fairly
accurate measurements for detection. As described in Paper
I, the present extensive set of observations (24 full nights),
using photon-counting detectors with on-line digital signal
processing, indeed did reveal several new details in scintil-
lation properties. Below, we also present some features of
its wavelength dependence that do not appear to have been
previously documented in the literature. Paper I described
the experimental arrangements, and also gave an overview
of scintillation mechanisms and phenomena in general.

A number of scintillation phenomena are known, or can
be expected, to vary between different optical colors. Most
obviously, the refractive index of air changes with wave-
length. Scintillation comprises a diffractive component: the
diffraction pattern produced from a given inhomogeneity
has a different scale at different wavelengths (although their
“flying shadows” move with the same windspeed), leading
to differences in time scale. Furthermore, intensity fluctua-
tions at different wavelengths are not simultaneous. A time
delay between them is caused by atmospheric chromatic
dispersion which stretches the atmospherically induced fly-
ing shadows into “flying spectra” on the ground. Since
scintillation at different wavelengths is not synchronous, its
heterochromatic power measured through broader optical
bandpasses must be less than its monochromatic value.

One main purpose of this project is to better understand
actual (nonideal) scintillation properties at premier observa-
tory sites such as La Palma. Even if the chromatic effects in
themselves could appear to be of not especially great mag-
nitude, an improved understanding of their functional de-
pendence and actual behavior will aid in segregating the
atmospheric component in accurate astronomical photom-
etry, and in understanding what scintillation modeling is
adequate for any given application.

Optimum methods for the most accurate ground-based
stellar photometry are yet to be developed. Plausible passive
systems (see Paper III) could involve time-resolved photom-
etry over the spatially resolved telescopic entrance pupil,
simultaneously in several photometric colors. To segregate
the signal of astrophysical variability from the atmospheric
one would then involve modeling the latter in terms of both
its temporal, spatial, and chromatic dependences.

Future active systems of second-order adaptive optics are
envisioned to correct not only the atmospherically distorted
phase, but also the amplitude, reducing or even eliminating
effects of scintillation. The scales ( =< 5cm) over which
the chromatic effects in scintillation become pronounced are
the same ones over which such adaptive optical components
must be operated. Obviously, the choice for the (natural or
artificial) guide star(s) in such systems must be made know-
ing whether it will adequately reproduce the behavior at the
desired wavelength for the target object.

The atmospheric chromatic dispersion causing “flying
spectra” on the ground could even be used to advantage,
since the spatial separation of scintillation of different col-

ors implies that atmospheric fluctuations might appear ear-
lier (by perhaps tens of milliseconds) at some particular
wavelength than at another, thus providing an early “warn-
ing” for an adaptive system to adjust itself for the second
wavelength.

The original main motivation, however, is to exploit an
improved understanding of actual scintillation properties in
order to search for very rapid fluctuations in astronomical
objects, such as arising from instabilities in mass flows
around compact objects—white dwarfs, neutron stars, or
presumed black holes (Dravins 1994). To segregate success-
fully the possibly quite subtle astrophysical high-speed vari-
ability from the superposed atmospheric fluctuations may
require a detailed correction for the atmospheric effects.

There exist astrophysical projects which demand a pre-
cise calibration of chromatic scintillation. In studying the
mass flow in accretion columns, one may wish to observe
phase shifts between oscillations in different layers (visible
at different wavelengths due to different source opacities).
Or, following a stellar flare, one can expect certain time
delays between fluctuations in different spectral lines
formed in the same deexcitation cascade with photons of
different wavelengths emitted almost (but not precisely) si-
multaneously. Unless the atmospheric phenomena are ad-
equately understood, and corrected for, they could easily be
mistaken for astrophysical phenomena. For example, the
chromatic effects in “flying spectra” observed away from
the zenith produce intensity modulations that move system-
atically from one end of the spectrum to the other. For
actual observing programs, a very real question is how to
select the calibration source(s): How close in (average)
color and in position on the sky must the scintillation cali-
bration be located in order to permit a compensation of
atmospheric phenomena for any given accuracy require-
ment?

2. CHROMATIC EFFECTS IN SCINTILLATION

2.1 Early Studies

Close to the horizon, color effects in the twinkling of
stars are prominent to the naked eye, and already attracted
attention a very long time ago. However, until the advent of
photoelectric photometry, only rather qualitative studies
through visual observations or by photography were pos-
sible.

Arago (circa 1850) already employed small oscillations
of a small telescope to spread the scintillations into a spa-
tially resolved intensity variation. Montigny (circa 1860)
mounted rotating optical elements behind the telescope eye-
piece, stretching out the temporal changes of the stellar
image into (visually observable) variations along the cir-
cumference of a circle. Colors of many hues were observed
and the frequency of variation studied. Respighi (circa
1870) built upon these results, using a visual spectroscope.
From the behavior of those dark bands that cross the spec-
trum in chromatic scintillation, he deduced that the angular
deviation of luminous rays must be very small, and scintil-
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lation must originate at great heights. A review of some of
these historic observations is in Monaco (1990).

Somewhat analogous experiments, but with photographic
recording, were made by Zwicky (1950) using an objective
prism on the 18-in. Schmidt telescope on Palomar. Photo-
graphic drift images showed that the light from a star at any
instant seldom is “white” but, in any given wavelength
range, the apparent brightness may fluctuate by a great
amount. Furthermore, the light from the star reaches the
observer in a time sequence of colors, sometimes chasing
one another along the length of the spectrum. By rapidly
moving the telescope, a very high time resolution was
achieved, showing that the dark and bright bands follow
one another in intervals of 1 ms or less. Like earlier ob-
servers, Zwicky noted that the color-intensity patterns are
most regular at the zenith and become more irregular closer
to the horizon. Related experiments were also made by
Ellison and Seddon (1952).

The chromatic effects that are so visible in visual scin-
tillation are prominent only at large zenith distances, and in
very small apertures. Closer to the zenith, and in larger
telescopes, the power of scintillation becomes nearly inde-
pendent of wavelength, and may require fairly accurate
measurements for detection of color differences. Even with
the advent of photoelectric measurements, efforts in finding
chromatic effects were often not successful. Thus, despite
an extensive measurement program, Protheroe (1955) could
only conclude that color effects, if present, cannot be large.

2.2 Differences in Amplitude

At large zenith distances, Zhukova (1958) found scintil-
lation at A460 nm to be greater than that in white light.
However, photographic spectral trails over A380—580 nm
revealed no correlation between variations in different spec-
tral regions (Zhukova 1959). Observing near the zenith
through a small aperture, Burke (1970) found the simulta-
neously measured intensity variance greater around A420
nm than around 550 nm. Analyzing these data, Young
(1970b) concluded that effects of aperture averaging and
chromatic dispersion could explain the observed depen-
dence being weaker than the theoretically expected N\~ /6
relation. Other studies of chromatic scintillation have been
by Filippov (1972) and Knoechel and von der Heide (1978).

A more extensive study was made at Mauna Kea (Ha-
waii) by Dainty et al. (1982). They observed with a small
(2.7 cm) aperture at Z < 40°, using filters in red, green,
and blue. Similar to earlier observations it was found that,
while the intensity variance does increase in the blue, mea-
sured ratios between o at different wavelengths show a
weaker dependence than the N =7 prediction. As an expla-
nation, the authors suggested some remaining effects from
aperture integration.

However, Stecklum (1985) did find an agreement with
the N7/ law at small airmasses, using uvby filters through
mostly a 2.8 cm aperture. This agreement was not obtained
in his first measurements which, with almost 3 min between
successive measurements, undersampled the atmospheric
variability (cf. Sec. 7 in Paper I). Only after the time be-
tween successive measurements had been reduced to 6 sec
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did the time variability of scintillation statistics appear re-
solved, and the color dependence now approached the theo-
retically expected value.

2.3 Differences in Time Scale

Although, at shorter wavelengths, the characteristic vari-
ability is expected to occur on shorter time scales, there
exist but few previous measurements of this dependence. At
Observatorio del Teide on Tenerife (the neighbor island of
La Palma), Fuentes et al. (1987) measured scintillation in
the J, H, K, and L near-infrared atmospheric windows,
finding the autocorrelation time to be some 30% longer in
L(\3.5 pm) than in J(A1.2 um). Also, the relative vari-
ances between pairs of passbands showed consistently less
scintillation at longer wavelengths. However, the precise
interpretation of these data must account for the
wavelength-dependent aperture averaging in their 50-cm
telescope, being not very much smaller than the diffraction
Fresnel-zone size.

Somewhat related studies exist concerning the wave-
length dependence of time scales in seeing, such as speckle
lifetimes inside focused stellar images. For different sites,
telescopes, and methods, correlation times increase from
perthaps 5 ms in the visual (Dainty et al. 1990)
to = 100 ms in the far-infrared (Selby et al. 1979; Mariotti
1983).

There also exist time-scale measurements in terrestrial
scintillation. An arrangement with coincident laser beams
traveling over a long horizontal path was used by Dunphy
and Kerr (1973) to reveal more rapid fluctuations at A\488
nm than at N10.6 um. The application to stellar conditions
may be limited here because of saturation effects designed
into these experiments.

2.4 Correlations between Different Colors

Manifestations of atmospheric chromatic dispersion (the
blue ray is bent more strongly than the red one, so the blue
image appears above the red one in the sky) may become
visible even to the unaided eye; the best-known example is
the “green flash” occasionally seen at sunrise and sunset.
Besides the obvious chromatic twinkling of stars, some
more subtle effects can also be seen with the unaided eye,
such as the time delay between scintillation in different
colors at large-zenith distances. If one views a star with the
wind direction carrying the “flying-shadow” pattern from
one eye to the other, then some correlation may be detected,
even if the time delay between the images in different
colors is only on the order of 10 ms (Warner 1988).

Since scintillation varies with wavelength, a dependence
must exist on the optical bandwidth over which it is mea-
sured. Some (unintended) observations of apparent bandpass
effects can be found in the literature as some investigators,
searching for color effects, obtained inconclusive data, ap-
parently due to the use of broadband filters, where fluctua-
tions in different colors within the passband became de-
correlated with increasing zenith distance.

More systematic studies of the bandpass dependence
were made by Jakeman et al. (1976), who observed at

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1997PASP..109..725D&db_key=AST

7PASP. 109 Z7Z5D0

rt

728 DRAVINS ET AL.

Z = 69°, using a very small (0.8 cm) aperture. The inten-
sity variance was measured to be much greater (by factors
of = 35) through a narrow-band filter, as compared to white
light.

Since atmospheric dispersion separates the average opti-
cal paths of rays in different colors, these intersect a turbu-
lent layer at somewhat different locations. Measurements at
multiple wavelengths of single-star scintillation then permit
a reconstruction of certain upper-atmosphere inhomogene-
ities (such as their spatial-correlation functions). Hubbard
and Reitsema (1981) used orientable double apertures to
study the wind direction and velocity. Their Arizona data
include cross-correlation functions between blue and red,
the delays reaching = 100ms for zenith distances Z

= 75°.

Caccia et al. (1988) measured two-color single-star scin-
tillation at Haute-Provence to study the vertical profile of
the refractive-index structure coefficient C ,2,, identifying the
presence of several discrete turbulence layers. The two-
color method exploits rays at two wavelengths that cast two
slightly different shadow patterns on the ground, analogous
with double-star measurements (Sec. 9 in Paper I), where
each component from a binary star casts a different pattern.

2.5 Solar-Eclipse Shadows

Flying shadows are observed close to solar-eclipse total-
ity, and careful measurements also reveal chromatic effects.
Young (1970c) reported observations where, near second
contact, the shadow bands (with a contrast of = 3% of the
average) were separated by about 6 cm at A 360 nm and by
8 cm at A 560 nm. More extensive photoelectric measure-
ments of flying shadows were made by Quann and Daly
(1972). The shadow bands were more pronounced in the
blue and near-ultraviolet, than in the green/yellow.

The scintillation theory of eclipse shadow bands was
formulated by Codona (1986). It predicts the band spacing
to decrease as totality nears, becoming progressively more
wavelength-dependent with a final spacing proportional to
the square-root of wavelength. The contrast becomes \ de-
pendent as diffraction effects become more important near
totality, with shadows at shorter wavelengths exhibiting
higher contrast.

However, this N dependence is complicated by the varia-
tion of the solar limb darkening with wavelength. That is
greater at short wavelengths, making the effective width of
the exposed solar crescent narrower, thus increasing the
shadow-band contrast.

2.6 Other Effects

Scintillation is not polarized. This was already investi-
gated by Mikesell et al. (1951), who found the fluctuations
similar in different planes of (linear) polarization. Also, for
eclipse shadow bands, no polarization effects are expected
from theory (Codona 1986), and none are observed (Quann
and Daly 1972).

Analogous to the discussion in Paper I (Sec. 6.7) on
limiting time scales of atmospheric fluctuations in general,
there may exist A-dependent extinction anomalies or similar

phenomena over time scales much longer than “ordinary”
scintillation. The size of such effects is indicated by extinc-
tion variations at Crimea, measured at four wavelengths by
Nikonov et al. (1988). With a time resolution of 20 sec,
they found amplitudes around 0.01 mag. Although such
variations occur simultaneously in all spectral regions, their
amplitude increases toward shorter wavelengths.

A certain literature exists about chromatic effects in
laser-beam propagation, e.g., about correlations between
scintillation at two different wavelengths, measured in laser
beams propagating over the same atmospheric path. Thus,
with increasing turbulence, Ben-Yosef et al. (1986) and
Churnside et al. (1992) found a loss of correlation between
scintillation in two colors, at discrepancy with the weak-
turbulence theory.

2.7 Present La Palma Observations

As described in Paper I, our observations were made
using a 60 cm reflecting telescope in Observatorio del
Roque de los Muchachos, at 2360-m altitude on La Palma.
For measurements through apertures other than the full one,
a rotatable mask enabled rapid changes between circular
unobscured apertures of various size. The measuring instru-
ment, QVANTOS Mark I (Dravins et al. 1994), is a
computer-controlled high-speed photometer with rapid pho-
tomultipliers, and very fast real-time digital signal proces-
sors (cycle time = 20 ns).

The Canary Islands experience certain seasonal changes
in their weather patterns, and therefore observing campaigns
were carried out both in winter (November/December), and
in summer (July/August). Out of the total of 24 observing
nights spent in measuring various scintillation phenomena,
chromatic effects were studied during five nights in winter,
and three in summer. Data were recorded alternating
through either two, three, or four color filters, repeating the
cycle several times during perhaps an hour, before starting
a similar sequence with a different telescope aperture. Ap-
erture diameters between J 2.5 and & 60 cm were used.

For studies of color dependences, interference filters cen-
tered at wavelengths of X 400, 500, 550, 600, and 700 nm,
with full widths at half-maxima AN = 70 nm were used,
supplemented by a few narrow-band ones (AN = 10 nm)
at A 365 and N\ 540 nm. Measurements in “white light” had
an effective wavelength extent of AN = 300 nm. The fil-
ters could be placed in front of either one of the two
photomultipliers, or made common to both.

The signal processor was programmed to give either (a)
the probability density function (PDF), i.e., a histogram for
the number of time intervals (of preselected duration) dur-
ing which there were recorded exactly 0, 1, 2, 3...63 photon
counts; (b) a 64-point temporal autocorrelation (ACO) func-
tion in time (with a preselected time-lag interval), or (c) an
analogous cross-correlation function (CCO) between the
counts from two different photomultipliers. The sample-
time duration could be changed in software between 20 ns
and 10 sec. Each measurement (integration) lasted for typi-
cally 100 sec, and the time between the completion of
successive measurements could usually be kept to between
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2 and 3 min. For details of the data reduction procedures,
see Paper 1. :

3. MECHANISMS FOR CHROMATIC
SCINTILLATION

Following the understanding of the optical physics of
scintillation in the 1960°s (see Paper I), more quantitative
tests and more sophisticated theories became feasible. The
early theory by Reiger (1963) was generalized by Young
(1969) also to include effects of diffraction and chromatic
dispersion. In such a wave-optical treatment, the compo-
nents of atmospheric turbulence are regarded as phase grat-
ings, and not merely as refracting surfaces.

3.1 Amplitude Dependence

As described in Sec. 4.3 of Paper I, a simple wave-
optical model of scintillation predicts the intensity variance
o7 to obey:

a? o N7 (sec Z)”’(’f Ci(h)h™dh (D < rp),
0
(1

where CZ(h) is the refractive-index structure coefficient,
h is altitude in the atmosphere, and Z is the zenith distance.
Scintillation thus decreases with increasing wavelength \.
This expression assumes that there is no spatial or temporal
averaging, i.e., the telescope aperture diameter D must be
(much) smaller than the diffraction Fresnel-zone size:
D < rp = \/ﬁ , and the time resolution of the measure-
ments must be correspondingly fine.

Neglecting effects of wave optics, the geometric-optics
approximation gives instead:

a? o« D™ (sec Z)3f C3(h)h%*dh (D > rp). (2)
0

This approximation is valid for aperture diameters much
greater than the Fresnel-zone size. Then the amount of scin-
tillation is independent of wavelength and merely decreases
with increasing D (except for a slight increase to shorter
wavelengths, due to the wavelength dependence of the re-
fractivity in air). In case the aperture is neither very small
nor very large, the changes with wavelength depend upon
the variation of the structure coefficient with altitude 4.

The relation between the wave- and geometric-optics
cases, and the origins of the — 7/6 power wavelength de-
pendence in the former case may be not very intuitive.
However, from the geometric optics relation [Eq. (2)], it
emerges by setting the aperture diameter D equal to the
diffraction Fresnel-zone size = +\h, leading to
[()Y2)778, ie, A= (Young 1970a).

3.2 Mechanisms for Time-Scale Dependence

As described in Paper I, theories of scintillation often
begin with a “phase-changing screen,” i.e., a thin slab of
turbulent medium that corrugates the incident wavefront.
After passage through such a phase screen, the characteris-
tic modulation in the (flying) shadow pattern has a spatial
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scale of d = Nk, which is the Fresnel-zone size rj. For
a star near the zenith, observed through 10 km high turbu-
lence, the value of ry ranges from 6 cm at A 350 nm to 9
cm at A 800 nm. The time scale of scintillation is primarily
set by the speed of the flying shadows, i.e., by the winds
carrying the atmospheric inhomogeneities.

Although the windspeeds are not coupled to the wave-
length of light, the structures in the flying shadows carried
by these winds are “finer grained” at shorter wavelengths
(i.e., the Fresnel-zone sizes are smaller), and the corre-
sponding scintillation should display more power at higher
spatial and temporal frequencies. Also, the dependence on,
e.g., aperture size might be slightly different for different
wavelengths since the patterns are probably differently in-
fluenced by wind-shear averaging. For plots of theoretical
(spatial) autocovariance functions and power spectra of stel-
lar shadow patterns, see Roddier (1981; his Chap. 8; and his
Figs. 12 and 14).

For idealized conditions, the time scale can be expected
to increase with the square root of the wavelength, corre-
sponding to the time the wind needs to carry the turbulence
over a Fresnel-zone rp = \/ﬁ . In the presence of wind
shear, however, the flying-shadow pattern changes on a
time scale determined by some typical mean-square differ-
ence of the wind speeds in the turbulent layers. This time
scale might not be very different from the time for the mean
wind to move the pattern of a single layer by a Fresnel-zone
size, if the wind directions at different heights differ by a
radian or more. This discussion should apply if the scintil-
lation is weak (unsaturated).

At large zenith distances, however, scintillation observed
through small apertures may no longer be considered as
weak, and nonlinear phenomena enter (effects of successive
atmospheric layers become multiplicative rather than addi-
tive). Because the probability distribution is closely log-
normal, the characteristic time scale given by a simple
theory is that of the logarithm of the intensity; the time
scale of the intensity itself becomes shorter, because of the
spikes in the intensity record.

3.3 Causes of Shift between Different Colors

Intensity fluctuations at different wavelengths are not
exactly simultaneous, in particular because of atmospheric
chromatic dispersion, caused by wavelength changes of the
refractive index of air. The “flying shadows” on the ground
become chromatic (flying spectra), a projection onto the
ground of starlight which has been spectrally dispersed by
the atmosphere. The blue part is displaced from the red, but
the structure of the shadows remains similar, provided the
spectral dispersion has occurred after passage of the rel-
evant turbulence. As the shadows fly past the telescope
aperture, a time delay between fluctuations at different
wavelengths becomes visible, provided the turbulence-
carrying winds have components parallel to the direction of
dispersion. (At right angles from this, there is no effect.)

Fluctuations at different wavelengths can also have “in-
trinsic” differences because chromatic dispersion may have
bent rays at different colors to traverse different atmo-
spheric inhomogeneities. At large zenith distances, blue and
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red rays can be separately affected by turbulent elements
separated by distances comparable to a telescope aperture.

Two rays of wavelengths Ay and \,, for which the
refractive index differs by Au, will be separated at height
h by:

B
dh = tan Z sec Zj Awp(h')dh'. 3)
0

Here, Ap tan Z corresponds to the angular dispersion and
h sec Z to the distance from the observer. Since Ay is a
function of height, it must be included in the integral. For
this discussion, we can approximate Au(h) = Apg exp
( — h/hp), with the density scale height i, = 8 km. Then
the ray separation at the top of the atmosphere becomes
(Young 1969):

he = Aug tan Z hp sec Z. 4)

The effects of differential refraction become important at
larger zenith distances, as rays of different wavelengths
traverse appreciably different paths, and hence sample dif-
ferent parts of the turbulent medium. If the chromatic ray
separation exceeds the Fresnel-zone size Nk, the effect
becomes significant. Already early studies of this effect by
Montigny, Respighi, and Lord Rayleigh sought to explain
the colored twinkling of stars at low altitudes, and the
phenomenon has been discussed repeatedly since then (e.g.,
Tatarskii and Zhukova 1959; Young 1969, 1970b).

The wavelength variation in the refractive index of air is
most pronounced at shorter wavelengths. Standard refrac-
tivities (n — 1) for the central wavelengths of the filters
used in the present project are: [(n — 1) X 107]: X 365 nm—
2838; 400-2817; 500-2781; 550-2771; 600-2763; and A
700-2753. Thus, between blue and red, the index of refrac-
tion differs by = 5 X 1076, afew percent of the refractiv-
ity. The total atmospheric refraction at Z = 45° is about an
arcmin and the differential refraction Aw tan Z between
blue and red is a few arcsec. The ray separation between
blue and red rays, looking from one point on the ground, at
the top of the atmosphere then becomes about 15 cm, in-
creasing to about 40 cm at Z = 60° [Eq. (4)].

There exist further physical parameters which, at least on
some accuracy level, will influence scintillation and its
wavelength dependence. For example, the indices of refrac-
tion for “air” quoted above refer to dry, clean air at a
temperature of 15 °C and sea-level pressure. A more de-
tailed analysis would consider the wavelength fluctuations
of refractive index also caused by other environmental
quantities, such as temperature or humidity. In this case, the
functions also describing their power spectra (such as the
structure functions for the humidity content of air) would be
needed to model precisely the propagation and scintillation
of light.

Such considerations become important for studies in the
infrared (especially in marine environments), where (besides
hydrodynamic turbulence) effects of absorption by water-
vapor and other molecules do enter (Kagawa et al. 1993;
Schwering and Kunz 1995). The density of water vapor in
various atmospheric structures can be modulated by sea-
sonal temperature effects, atmospheric waves, etc. These

could be the reasons why the scintillation statistics of far-
infrared beams do not obey simple extrapolations of the
laws applied in the optical. Even further out in the thermal
infrared and the microwave radio, the refractivity of air
becomes strongly humidity-dependent, and also effects of
atmospheric aerosols and their thermal emission enter.

Wavelength effects are also relevant in scintillation ap-
plications such as stellar occultations by turbulent planetary
atmospheres. A wave-optical theory of turbulent scintilla-
tion in planetary atmospheres is able to deduce quantities
such as the cross correlation between fluctuations at two
wavelengths (Hubbard et al. 1978).

3.4 Heterochromatic Effects

Given that scintillation depends on wavelength, the
monochromatic properties of scintillation must differ from
the heterochromatic ones, as averaged over broader band-
passes. Atmospheric dispersion causes the ray paths to
traverse different inhomogeneities, and leads to phase de-
lays between different colors. One can view the phenom-
enon from outside or inside the atmosphere: Looking down,
the chromatic separation of an incoming ray spreads the
flying shadows into spectra at ground level while, looking
up from the telescope, one sees different patches of atmo-
sphere in different colors.

However, even for observations in the zenith, with light
of different colors traversing the same path, wavelength
effects can be expected. First, with the refractive index (and
hence its fluctuating part) being greater at one wavelength
than another, the resulting scintillation amplitude is corre-
spondingly larger. Since the refractivity of air varies by
only a few per cent, detection of this effect requires corre-
spondingly accurate observations. Perhaps the earliest data
with sufficient quality were those by Burke (1970), ana-
lyzed by Young (1970b).

Second, as discussed in Sec. 3.2 above, the Fresnel-zone
sizes rr from scintillation at different heights give preferred
spatial scales in the flying-shadow pattern, proportional to
VX. When the shadow patterns get “out of phase” at dif-
ferent wavelengths, their finer details become decorrelated.
Thus, in broadband averaging, the high spatial frequencies
are weaker than in a monochromatic shadow pattern.

All the above effects combine to average out atmo-
spheric fluctuations; thus scintillation measured through a
broadband filter must be weaker than that in a narrow spec-
tral line at the same center wavelength. Unfortunately, there
appears to exist no simple mathematical formulation by
which to describe heterochromatic effects. The chromatic
dispersion is a one-dimensional smearing, while aperture
averaging is two dimensional. Since the ray separation due
to dispersion (typically a few cm) is comparable to both the
Fresnel zone, and small features in many telescope aper-
tures (like central obscurations), we have a set of inter-
mingled effects of comparable magnitude.

3.5 Visual Twinkling

The atmospheric conditions required to model telescopic
scintillation  (high-level turbulence, windspeeds of
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10-30ms™!, etc.) do not predict especially significant
scintillation to be observed in small apertures such as the
human eye. When visual twinkling is observed, that is due
instead to the turbulent boundary layer with a low wind
velocity located close to (a few hundred meters) the ob-
server (Young 1969). In this respect, the best astronomical
sites differ markedly from ordinary ones; e.g., on La Palma,
visual twinkling is almost not noticeable during good sum-
mer conditions, and barely so in winter.

At large zenith distances, the visually observed chro-
matic twinkling can be quite prominent. A primary reason
for its easy visibility is the very small aperture of the eye
pupil ( = 5 mm). Atmospheric dispersion makes the linear
separation of red and violet rays comparable to the eye
radius already after traversing some hundreds of meters in
air, distances that are comparable with the distance from
which the visual scintillation comes. One therefore expects
strong visual chromatic scintillation low in the sky, as ob-
served.

4. WAVELENGTH DEPENDENCE OF INTENSITY
VARIANCE

4.1 Instrumentation and Measurements

Different filters and a variety of aperture sizes were used.
Perhaps the most basic wavelength dependence is that for
the amount of scintillation, measured by the variance o-% of
the relative fluctuations in intensity / [o; is the rms value of
(I = ({I))/{I) = AI/{I), where () denotes time average].

As described in Sec. 2.2, this dependence has been pre-
viously studied, though its functional form was perhaps not
very conclusively determined. As experienced both by
Stecklum (1985) and ourselves (Paper I), the main experi-
mental difficulties come not from the smallness of the chro-
matic effects, but rather from their being easily over-
whelmed by continuous atmospheric changes. Furthermore,
to isolate the wavelength dependence (and to avoid possibly
uncertain effects of aperture averaging), very small aper-
tures (no more than a few cm) must be used, limiting the
photon fluxes and the noise levels achievable.

A number of sequences were recorded of Polaris, assur-
ing a constant (but large) zenith distance of Z = 60°. How-
ever, this constancy of zenith distance turned out not to be
any special advantage since the atmospheric changes in any
case dominate. A number of other measurements were made
closer to the zenith. With a slowly varying zenith distance,
effects due to changing airmass could be followed and
should not affect the comparison between wavelengths.

The smallness of the chromatic phenomena called for a
number of control measurements to exclude the influence of
instrumental effects. For example, mapping of the photo-
cathode sensitivity areas for different colors was made, and
adjustments made accordingly, to avoid possible effects
from wavelength-sensitivity changes or similar optical ef-
fects. If there would exist patches of uneven, wavelength-
dependent, reflectance changes across the telescope mirror,
the effective diameter could be smaller at some wavelength,
and the scintillation greater and faster (through the aperture-
size dependence). Such effects were excluded by noting
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Fic. 1-—Wavelength dependence of intensity variance (r,z , measured with a
2.5 cm aperture at A 400, 550, and 700 nm. The theoretically expected
slope of — 7/6 from Eq. (1) is marked. The error bars are computed from
the full measurement sequence, which is somewhat conservative, since part
of the variations is not noise, but rather systematic changes in the atmo-
sphere.

how scintillation measures converged toward the same
value for small apertures (irrespective of location on the
mirror), which would not have been the case, had there
been significant inhomogeneities.

4.2 Results for Different Apertures

At small zenith distances, a systematic wavelength de-
pendence was seen for the smaller (J 2.5 and & 5 cm)
apertures on all occasions. Within the noise limits, this
dependence was found to be approximately consistent with
the theoretical X ~”/6 slope, but with a tendency for a some-
what weaker dependence.

Figure 1 shows the wavelength dependence of the mea-
sured intensity variance for a J 2.5 cm aperture. The data
are from an hour-long observing sequence of Vega at aver-
age zenith distance (Z) = 17°, during a meteorologically
very good summer night. Eight cycles of measurements
through filters centered at A400, 550, and 700 nm were
made. Probability distribution functions were recorded with
sample times = 290 us (A400), = 230 us (A550), and
1 ms (A700), to keep (n), the average number of photon
counts per sample time, constant = 2.1 (as desired for
high-precision differential measurements; cf. Paper I). Some
small fraction of the total scintillation was missed by the
necessarily finite sample times; since this fraction was
slightly greater for the 1-ms sample time at A700, its true
variance should be slightly greater than the point in Fig. 1,
further enhancing the tendency of deviation from the
"7 slope.

The standard errors marked in Fig. 1 originate from the
full observational sequence. The error estimates are pessi-
mistic, since part of the variations is not really noise, but
rather systematic changes in the atmosphere. These error
bars could be somewhat reduced by de-trending the data for
such systematic changes. However, in keeping a conserva-
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FIG. 2—Autocorrelation functions measured at A 400 and 700 nm, for
different telescope apertures. At shorter optical wavelengths, the fluctua-
tions are more rapid. The effect is most pronounced for the smallest
apertures, but could be followed up to & 20 cm.

tive approach, we keep the full error bars here and else-
where.

As expected [Eq. (2)], the wavelength dependence rap-
idly diminishes for larger apertures. For Z = 60° in winter,
no M\ dependence could be identified for apertures larger
than 20 cm. Close to the zenith in summer (with a generally
smaller intensity variance), the observable A dependence
already disappeared for ¢J 10 cm.

For Polaris at Z = 60°, \ dependences such as that in
Fig. 1 were consistently observed for both 3.6 and 9 cm
apertures, also being somewhat weaker than the theoretical
N "7 prediction. At such larger zenith distances, there is a
tendency for the color dependence also to remain visible in
somewhat larger apertures. This could be due to the zenith-
distance increase of the Fresnel-zone size rp = \/ﬁ , as
the slant range to the turbulence increases.

This wavelength dependence of intensity variance was
incorporated already in the plots of autocovariance and
power spectra for different apertures, colors, and seasons
(Figs. 14-16 in Paper I).

5. WAVELENGTH DEPENDENCE OF
SCINTILLATION TIME SCALES

Systematic studies of the autocorrelation (and autocova-
riance) functions at different wavelengths, and for several
different apertures, were made during a number of nights.
Typical measurement sequences involved observations
through one aperture at a time, rapidly alternating between

two or three different color filters. The autocorrelation half-
width was found to increase with wavelength, most pro-
nounced for very small telescope apertures, but possible to
follow (with gradually decreasing magnitude) up to & 20
cm: Fig. 2. In parallel, with increasing wavelength, the
scintillation power decreases at all frequencies, as already
shown in Fig. 16 of Paper I

The low noise level achieved for Fig. 2 begins to re-
semble a textbook case. The separation of the curves for the
smallest aperture illustrates Fresnel-zone filtering, while the
coalescence of the curves for the 20 cm aperture indicates
that we are approaching the geometric-optics limit.

Figure 2 shows summer-night measurements of Vega, at
moderate average zenith distances (Z) = 28° (J 2.5 cm);
15° (& 10 cm), and 29° (& 20 cm). The curves are nor-
malized to unity for a delay equal to one sample-time in-
terval (500 us or 1 ms). Measurements at A550 nm fall
nicely between those for 400 and 700 nm, but are not
plotted in order not to clutter overly the diagram. The mea-
sured values for autocorrelation time scales are in Table 1.

The observations involved rapid switching between fil-
ters at A400, 550, and 700 nm; in Fig. 2 the curves for J
2.5 cm are averages from ten such measurement cycles,
recorded in 63 min. For ¢ 10 cm, the data are averages of
twelve wavelength triplets measured during 90 min, and for
& 20 cm, of 16 measurement pairs over 70 min.

A detailed examination of the time evolution of the au-
tocorrelation functions, shows the gross changes mainly to
affect the time scale of scintillation, not the shape of the
autocorrelation function. For example, although the time
scales change, the ratio between 1/e- and - widths remains
essentially constant (1.25 * 0.01). Measurements during
different nights gave rather similar and consistent results,
summarized in Table 1.

The rightmost column in Table 1 shows the ratio be-
tween the time scales at 700 and 400 nm. In the limit of
very small apertures and very high temporal resolution, the
theory sketched in Sec. 3.2 predicts this ratio to approach
the square root of the wavelength ratio y700/400 = 1.32.
Our measurements, however, reach only the value 1.2.

The apparent time variation of the wavelength depen-
dence was monitored during a few nights. It seems that this
can be affected by the precise nature of atmospheric
changes. The smooth and regular textbook-like wavelength
dependence seen in Fig. 2 probably requires developed scin-
tillation with sources high in the atmosphere. By contrast, a
sudden incursion of a local, low-level turbulent flow (while
perhaps also not very much affecting the magnitude of

TABLE 1
Measured autocorrelation half-widths (ms) for the curves in Fig. 2, and others. The errors given are standard
deviations from each full measuring sequence, without any detrending for systematic atmospheric changes.
The rightmost column shows the ratio between the time scales at A 700 and 400 nm.

X\ 400 nm
& 2.5 cm (night of Fig. 2) 4.54*0.13
& 2.5 cm (another night) 4.20+0.25
Z5cm 4.59+0.29
10 cm 8.07+0.20
320 cm 10.96+0.16

A 550 nm A 700 nm (N 700)/(\ 400)
4.95+0.13 5.46+0.17 1.20
4.97*0.28 1.18
4.85+0.26 5.17£0.43 1.13
8.28=0.16 8.42+0.21 1.04
11.31+0.23 1.03
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scintillation), should not really show any wavelength depen-
dence if the distance to the turbulent layers is so small that
the corresponding Fresnel zone rp = J\A is rather smaller
than the telescope aperture. Observed time sequences during
some nights did show occasional systematic deviations from
the normal wavelength dependence (above apparent
measurement-noise levels), which quite possibly may repre-
sent such instances of low-level turbulence. Possibly analo-
gous cases were visible in the general changes of scintilla-
tion during each night (Fig. 8 of Paper I), where occasional
events of increased scintillation amplitude can be identified
with incursions of low-level, low-speed turbulence, when it
is accompanied by a general increase in scintillation time
scale. Such, or analogous, phenomena might account for the
wavelength dependence of the time scale and of the vari-
ance to be weaker than theoretically expected in an ideal
model situation.

6. CROSS CORRELATIONS BETWEEN COLORS

The nonsimultaneity of scintillation in different colors
can be measured in their cross-correlation function: a tem-
poral shift between components of “intrinsically” similar
scintillation displaces the cross-correlation maximum away
from zero time delay. These effects depend on zenith dis-
tance, on the upper-atmospheric wind velocity vectors, on
the wavelength difference, on telescope aperture size and
shape, and probably also other factors.

6.1 Cross Correlation and Cross Covariance

In Sec. 6 of Paper I, the autocovariance ACV (7) of
intensity I(¢) for time delays 7 was defined (together with a
description of its measurement from measured photon
counts):

acv(n = LOLED) B
I

We recall that the limiting values for short and long delays

are ACV(0) = cr% and ACV(o) = 0. The autocorrelation

function ACO(7) = ACV(7)/ACV(0) equals unity at delay

Zero.

Already for Paper I, this function was occasionally mea-
sured in a cross-correlation mode, taking the signals from
different detectors which sensed the same signal following a
beamsplitter. Now we are introducing cross-correlation and
cross-covariance functions between different signals, viz.
those of scintillation in different colors.

Relevant measures include the time delay between scin-
tillation seen in, e.g., blue and red. That will be visible as a
time lag of the maximum in the cross correlation between
scintillation at | and A,. However, such a time lag only
affects a certain fraction of the total scintillation power
present at either wavelength. This amount of “cross power”
that remains correlated between N | and A\, is given by the
cross-covariance function.

The cross-covariance CCV(7) between I;(¢) and I,(1),
at the wavelengths A and \,, for time delays 7, is defined
as:
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Fi1G. 3—Cross covariance between intensity fluctuations at A 400 and 700
nm, measured with a 20 cm diameter aperture, and its zenith-angle depen-
dence. Near the zenith the fluctuations are simultaneous, but with increas-
ing Z a time delay develops, seen as a difference from the (symmetric)
autocovariance function for N 700 nm. The effect is due to atmospheric
dispersion, which stretches the “flying shadows” into “flying spectra” on
the ground. To enable a logarithmic plot format, and also show the smaller
detail, the quantity plotted is the covariance plus a small number (e
= 0.01, 0.003, and 0.001, respectively); the actual zero level is marked
by dotted lines in each panel.

(LW(OL(+7)
IANA)

The corresponding cross-correlation CCO(7) is normalized
to show the relative amount of correlation between 7, and
I,. It may take on values between one (complete correla-
tion), through zero (no correlation), to minus one (complete
anticorrelation).

Normally, CCV(—17) # CCV(7), so it must be measured
for both positive and negative delays (unlike autocorrela-
tion, which is symmetric in 7). Since our signal processor
cannot implement negative delays (which would indeed
require a clairvoyant detector), pairs of successive
measurements were made, switching between the two
detectors. Such an exchange between A; and A\, is
equivalent to a switch of the time axis, ie., then
CCV y(—7) = CCVy(7). These measurements were inter-
mingled with measurements of autocorrelations for each of
the signals, also providing measures of crf()\l) and
o %()\2)-

These sets of data, reducing the ACVs and CCVs to-
gether in groups, are adequate for calculating various cross
dependences. As described in Paper I, our measured corre-
lation functions are clipped ones, in order to simplify the
signal processing. While not really constraining the types of
analyses possible, this circumstance, together with the nec-
essarily sequential nature of measurements, does require a
certain attention to data-analysis procedures since a blind
computation of the cross covariances is not uniquely fea-
sible. The method used (for the data in Figs. 3, 4, and 5)
involved first an exact solution for the two extreme cases
(a) zero cross correlation [CCO(7) = 0] and (b) complete

CCV(r) = (6)

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1997PASP..109..725D&db_key=AST

7PASP. 109 Z7Z5D0

rt

734  DRAVINS ET AL.

d ]
o
2 ]
e}
]
- ]
[
-
: - 1
o oof —— 400/700 nm 1
t t + + t t +
1.0F z = 66° - 1
05 ]
—— 550/700 nm
0.0 | v+. 700/700 nm ]
. . . . . . .
-60 -40 -20 0 20 40 60
Delay [ms]

FIG. 4—Cross correlations of atmospheric intensity scintillation between
different pairs of colors. The time delays that develop at larger zenith
angles depend upon the difference in wavelength. Here, scintillation at A
700 nm. was successively cross correlated with that simultaneously mea-
sured at N 550, 400, and 365 nm. With increasing wavelength difference
(a) the “agreement” (i.e., degree of correlation) between scintillation in
different colors decreases, and (b) the time delay increases, visible as a
shift of the correlation maximum. In the violet, the dispersion of air
changes rapidly with wavelength, which explains the significant differences
between the nearby wavelengths of 365 and 400 nm. The functions were
normalized to unity for zero delay of the N 700 nm autocorrelation, and the
bold solid curves show the relative power in the cross correlation. The thin
solid curves show the cross correlation normalized to unity at its maximum
(similar to the autocorrelation), thus more clearly revealing the magnitude
of time displacement.

cross correlation [CCO(7) = 1], and then a scaling of
actually measured data to intermediate values. The detailed
data handling is closely connected to our specific signal
processor used, and will not be further discussed here. A
number of tests and simulations of the data reductions in-
dicate that the approximations used should not introduce
more errors than perhaps a few percent of the full cross-
correlation amplitude, and in any case rather smaller than
the noise from atmospheric changes.

6.2 Dependence on Zenith Angle

Near the zenith, the fluctuations in different colors are
simultaneous, but with increasing zenith angle, a time delay
may develop: Fig. 3. These summer measurements were
made along one particular azimuth direction in the sky
where the flying-shadow motion had a significant compo-
nent along the direction of atmospheric chromatic disper-
sion.

In Fig. 3, the data for (Z) = 68° are observations of A
Sco. The curves are averages from two cycles of measuring
[autocorrelation at A ; ]-[cross correlation X\ ; /\,]-[cross cor-
relation A, /A ]}-{autocorrelation at \,]. Each correlation
measurement lasted 120 sec, using a sample time = 3 ms;
the full sequence was covered in 18 min. The time delay of
the cross-correlation peak is on the order of 100 ms, a time
scale that is an order of magnitude greater than other char-
acteristic time scales in scintillation.

T
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FiG. 5—Cross covariance between intensity fluctuations at N 400 and 700
nm in the same region of the sky, and its dependence upon aperture size.
While the amount of temporal lag between colors (Fig. 3) is a property of
the atmosphere, and independent of the size of the telescope, the magni-
tude of the cross covariance (solid curve) changes with telescope size, and
is most pronounced in small apertures ( < 5 cm). Dashed curves show the
autocovariance at A 400 nm; dotted curves at 700 nm. This wavelength
difference largely vanishes in greater apertures.

For the smaller zenith distances, the object was Vega.
For (Z) = 52°, the data are two cycles of correlation mea-
surements of 100 sec each, sample time = 1 ms; full se-
quence in 21 min. The data for (Z) = 11° are averages
from three such cycles, covered in 25 min. The [angular]
seeing at this later time was noted to be “rather poor.”

The asymmetry between positive and negative delays
seen in Fig. 3 is a way to determine the actual wind vector,
and resolve the 180° ambiguity otherwise inherent in mea-
surements with single telescope apertures. The blue ray is
bent more strongly than the red one, so the blue image of
the star lies above the red one in the sky. When looking
into the wind, each turbulent element crosses the red
(lower) ray before it gets to the blue (upper) one, so each
wiggle appears in the red scintillation record first. Looking
downwind, the reverse holds. This asymmetry is pro-
nounced in the top panel, where the zenith distance is big
enough to give good chromatic ray separation. Most of the
asymmetry originates in the uppermost layers of the atmo-
sphere, where the ray separation is greatest.

For a numerical estimate of the chromatic ray separation
(cf. Sec. 3.3), we note that at Z = 52° (middle panel in
Fig. 3), the ray separation for a turbulent region some 10
km above the observatory (15 km slant range) is on the
order of 10 cm, increasing to about 30 cmat Z = 68° (top
panel), now greater than the 20 cm aperture used. The
striking difference between the upper two panels of Fig. 3 is
due to the ray separation in one case being smaller than the
aperture size, and in the other case, larger.

For Z = 68°, the cross-covariance peaks around 100
ms; if the ray separation is 30 cm, the inferred projected
wind speed is 30 cm/100 ms = 3m s !. To deduce the full
windspeed requires multiplications by factors correcting the
geometric projection effects: a zenith-distance factor sec Z,
and a wind-azimuth factor sec @ (cf. Sec. 8 in Paper I).
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Then estimates of the full windspeed come out as
10-20m s~ !, values consistent with other determinations
(Paper III).

Some further effects are also visible in Fig. 3. At large
zenith distances, the cross-covariance peak is much broader
in time delay than the autocovariance peak. One effect must
be that, as the two colored beams overlap less and less,
contributions to the cross-covariance function come mainly
from those turbulent elements that are large enough still to
encompass both the blue and red rays. At the same time,
since only a certain fraction of the turbulence spectrum is
involved, the total cross power decreases.

6.3 Dependence on Wavelength Difference

Due to the wavelength changes of the refractive index in
air, the “flying shadows” are stretched into “flying spec-
tra.” Thus, the amount of delay between scintillation in
different colors depends on the wavelength baseline be-
tween the colors. In the violet, the dispersion of air changes
rapidly with wavelength, and there significant effects may
already be seen between nearby wavelengths.

The measurements for Fig. 4 originate from a summer
night, observing A Sco with a & 60 cm aperture, sampling
the correlations at 1 ms, and integrating each measurement
for 100 sec. The top panel (A 365/700) has data from one
measurement cycle such as described for Fig. 3, recorded
during 7 min. Data in the middle panel (A 400/700) are
averages from two such cycles during 15 min, while the
N\ 550/700 data at bottom come from one cycle of 7 min.
The optimum length of integration is not obvious: a larger
number of measurements decreases random measurement
noise, but increases the variability due to atmospheric
changes. Intensity variances a% measured in these se-
quences were: Top panel: A 365 nm-0.0174; 700 nm—
0.0169; Middle panel averages: 400 nm—0.0189; 700 nm—
0.0176; Bottom panel: 550 nm—0.0163; 700 nm—0.0140.

As seen in Fig. 4, the cross correlations obviously get
more and more different from the autocorrelation, the more
the wavelengths differ. Again we see the broadening of the
cross correlation as the ray separation increases, just as in
Fig. 3. But even at N\ 365 nm, the ray separation at the top
of the atmosphere does not exceed the 60 cm aperture. The
rather mild time asymmetry seen for A 400/700 nm (com-
pared to that in Fig. 3) suggests that, at this particular time,
we were looking at a large angle to the wind azimuth.

6.4 Dependence on Aperture Size

Increasing the telescope aperture causes more extensive
averaging of atmospheric fluctuations, and washes out ef-
fects from small-scale chromatic structures in the flying
shadows: Fig. 5.

The data in Fig. 5 originate from a summer night’s
observations of Vega. For the smaller & 2.5 and & 5 cm
apertures, sample times of 500 us were used, integrating for
100 sec; the data plotted are averages from two measure-
ment cycles as described for Fig. 3, recorded during some
20 min each. The otherwise equivalent data for J 20 cm
had sample time = 1 ms. The particular measurements for
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& 20 cm were probably somewhat affected by drifting
clouds, which could explain the somewhat irregular curve
shapes in the bottom panel. As in previous cases, the main
limit in the clarity of data is not random noise, but rather
atmospheric changes over time. Average (rms) intensity
variances (o) measured in these sequences were: & 2.5
cm (top): N 400nm—0.430; 700 nm-0.278; & 5 cm (cen-
ter): 400 nm-0.209; 700 nm—0.158; & 20 c¢cm (bottom):
400 nm—0.068; 700 nm—0.068.

At this particular occasion, not much of an asymmetry or
time lag between different colors is visible. Probably, at this
particular epoch, we were nearly looking at right angles to
the flying-shadow velocity vector, a situation when no time
asymmetry would be expected at all. Thus, the different
observing epochs for Figs. 3, 4, and 5 demonstrate (besides
the other dependences they are illustrating), how chromatic
phenomena in scintillation also sensitively depend on azi-
muth. Obviously, this has implications for the possible
choice of standard stars for scintillation calibration.

7. DIFFERENT OPTICAL BANDPASSES

That scintillation changes with wavelength implies that
there must exist a dependence on the optical bandwidth
over which it is measured (at least as a second-order effect).
For example, the monochromatic contrast in the flying shad-
ows must be higher than in “white light,” and the intensity
variance correspondingly greater.

Although bandpass effects are expected to be more vis-
ible near the horizon, and especially for smaller apertures
(Young 1970b; Jakeman et al. 1976), we observed at small
and moderate zenith distances instead, because the effects
there (though smaller) are more relevant to observing pro-
grams searching for astrophysical variability. Probability
distributions and autocorrelations were recorded, rapidly al-
ternating between narrow band (AN = 10 nm), broadband
(AN = 70 nm), and white light (AN = 300 nm), all cen-
tered on approximately the same effective wavelength (\
550 nm). Measurements were made both in winter and in
summer, and using apertures of several different sizes.
However, no bandwidth dependence above the noise limit
(typically a few percent of the intensity variance) could be
identified, neither in scintillation amplitude nor time scale.

The primary experimental limitation (also) here comes
from the absence of strictly simultaneous measurements:
even if these were closely intermingled, successive data
records could not be separated by less than a minute or so.
Despite several tens of measurement cycles, intrinsic short-
term changes of the atmosphere still dominate the errors.
Furthermore, to avoid subtle instrumental effects from
changing count rates (Appendix of Paper I), neutral-density
filters were used to compensate the changing flux through
filters of different widths. There are limits to how precisely
such compensations can be made; even if the atmospheric
changes had been fully resolved, this would likely set a
second observational limit.

The conclusion is that, for moderate zenith angles, such
effects will not become significant unless scintillation cor-
rections to accuracies better than = 1% of its intensity
variance are aimed at.
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8. CONCLUSIONS AND OUTLOOK

Analogous to the spatial and temporal structure of scin-
tillation (Paper I), the wavelength dependence is fully re-
vealed when sampled through small telescope apertures
( = 5cm), ie., on scales where the “flying shadows” on
the Earth’s surface are largely resolved.

Although chromatic effects in scintillation amplitude and
time scale rapidly vanish after averaging in larger apertures,
their application will probably still be required to enable
very accurate astronomical measurements. Efforts by many
have shown that one does not reach the accuracies desired
for critical photometric tasks (e.g., studying stellar oscilla-
tions or exoplanet transits) by simply ‘averaging away’ the
atmosphere in collecting stellar flux over a large telescope
mirror. To perform superior photometry through the atmo-
sphere will probably require systems where the photometric
signal is sampled with sufficient spatial, temporal and chro-
matic resolving power to reveal all their scintillation depen-
dences, and use these as constraints in the fitting of data,
thus separating astrophysical variability from atmospheric
effects. That the fitted scintillation signal must also obey a
chromatic dependence adds another constraint to such sys-
tems, correspondingly lowering the noise. Issues about how
scintillation appears in different telescope apertures will be
further discussed in Paper III.

However, some chromatic effects are inherent to the at-
mospheric flying shadows and remain independent of tele-
scope size. This applies in particular to the time delay
between scintillation in different colors. On one hand, the
total scintillation cross power, in which this effect appears,
decreases strongly in larger telescopes but, on the other
hand, their light-gathering power permits more precise pho-
tometry where such effects could still be detected.

Although our current measurements, and those in Paper 1
did reveal a number of small (though statistically signifi-
cant) deviations from the predictions of the ordinary Kol-
mogorov model for atmospheric turbulence, in general there
is a quite close agreement. The more precise measurements
now available could therefore be taken as a general support
for this model. Sources of discrepancy could be connected
with the model primarily predicting properties of the loga-
rithm of the intensity, not the intensity itself (e.g., for log-
normal statistics, the characteristic time scale for I is shorter
than that for log / because of the temporal spikes in inten-
sity). Other discrepancies could probably be explained by
the nonideal and complex atmospheric behavior.

Significant improvements desired for future scintillation
studies include the strictly simultaneous measurement of
different parameters (to avoid effects of atmospheric
changes), and the simultaneous use of more than one tele-
scope. Especially the cross-correlation effects depend on the
wind velocity vector(s), and thus both on zenith distance
and azimuth angle. Given the nature of atmospheric
changes, data sets from only one telescope (such as in the
present work) naturally have limitations in their achievable
sky coverage.

Other challenges for future studies lie in the actual time-
resolved imaging of the two- (or perhaps even three-) di-
mensional flying-shadow patterns on the ground. This could

be achieved by imaging the illumination patterns of the
telescope entrance pupil (or perhaps even throughout a vol-
ume surrounding it), with a spatial resolution of millimeters,
and in different colors. Subsequent analyses of such patterns
would further clarify the behavior of many scintillation phe-
nomena, which up to now have been sampled only in one
temporal dimension. Quite possibly, such analyses will have
to be made in parallel with the design of higher-order adap-
tive optics systems.
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